Current influenza vaccines are ineffective against novel viruses and the source or the strain of the next outbreak of influenza is unpredictable; therefore, establishing universal immunity by vaccination to limit the impact of influenza remains a high priority. To meet this challenge, a novel vaccine has been developed using the immunogenic live vaccinia virus as a vaccine vector, expressing multiple H5N1 viral proteins (HA, NA, M1, M2, and NP) together with IL-15 as a molecular adjuvant. Previously, this vaccine demonstrated robust sterile cross-clade protection in mice against H5 influenza viruses, and herein its use has been extended to mediate heterosubtypic immunity toward viruses from both group 1 and 2 HA lineages. The vaccine protected mice against lethal challenge by increasing survival and significantly reducing lung viral loads against the most recent human H7N9, seasonal H3N2, pandemic-2009 H1N1, and highly pathogenic H7N7 influenza A viruses. Influenza-specific antibodies elicited by the vaccine failed to neutralize heterologous viruses and were unable to confer protection by passive transfer. Importantly, heterologous influenza-specific CD4
+ and CD8 + T-cell responses that were elicited by the vaccine were effectively recalled and amplified following viral challenge in the lungs and periphery. Selective depletion of T-cell subsets in the immunized mice revealed an important role for CD4 + T cells in heterosubtypic protection, despite low sequence conservation among known MHC-II restricted epitopes across different influenza viruses. This study illustrates the potential utility of our multivalent Wyeth/IL-15/5Flu as a universal influenza vaccine with a correlate of protective immunity that is independent of neutralizing antibodies.
universal vaccine | cell-mediated immunity I nfluenza causes widespread infection during seasonal epidemics and occasional worldwide pandemics despite available vaccines. The subtype of future outbreaks or pandemic influenza strains is unpredictable as is its source, evident from the most recent H7N9 outbreak from poultry in China, the variant H3N2 outbreak from swine in the United States in 2012, the H1N1 worldwide pandemic of 2009, and the highly pathogenic avian influenza (HPAI) H5N1 in 1997 from domestic poultry. Therefore, the development of a successful universal vaccination strategy is urgently needed.
Universal protection requires heterosubtypic immunity (HSI), whereby vaccination against one influenza virus cross-protects against novel and emerging strains that could potentially be mediated by multiple adaptive immune mechanisms. T cells are potent mediators of HSI, because these cells typically recognize peptide epitopes derived from internal proteins of influenza virus, which are naturally more conserved than surface HA and NA across different strains and even serologically distinct viral subtypes. Because of sequence conservation of the majority of T-cell epitopes between different influenza viruses, cross-reactive T-cell responses have been detected in healthy seronegative individuals against H5N1 and pandemic H1N1-2009 viruses (1, 2) .
Previously, we generated a multivalent vaccinia virus-based H5N1 influenza vaccine, which demonstrated effective crossclade immunity against lethal H5N1 challenges. This vaccine expresses five H5N1-derived influenza proteins (HA, NA, M1, M2, and NP), in combination with the immune stimulatory cytokine IL-15 (3) that increases long-term memory responses, along with enhanced T-cell, B-cell, and NK cell functions, including cytokine production and survival. Despite the use of live vaccine vectors being generally constrained in immune-compromised individuals, the vaccine vector (Wyeth/IL-15) has been proven safe and effective in primates and immune-deficient mice (4) .
A cell-culture-derived, live vaccine vector that encodes fulllength influenza proteins with inherent capacity to access MHC-I and II processing pathways to establish robust influenzaspecific T-cell responses is an excellent approach to overcome issues related to population-wide MHC polymorphism and eggbased production methods for HPAI vaccines. Herein, we extend the use of Wyeth/IL-15/5Flu vaccine against multiple human influenza viruses of different HA subtypes, including the highly pathogenic H7N7, pandemic H1N1-2009, seasonal H3N2, and the most recent human H7N9 viruses. The vaccine proved effective against all of the heterologous strains tested, and the
Significance
We present a novel vaccine that elicits protective immune responses against many different influenza viruses belonging to both group 1 and 2 lineages. The vaccine uses a live vaccinia virus that expresses multiple H5N1 influenza viral proteins and the cytokine IL-15 to stimulate the immune system. The vaccine was able to induce T-cell immune responses that recognize different influenza viruses and these immune responses were augmented when exposed to a challenge virus, resulting in protection against a lethal disease. Vaccine-induced CD4 + T cells that coordinate immune responses were found to be more important than CD8 + T cells in conferring protection. Our vaccine provides a promising strategy for universal protection against novel and emerging influenza viruses.
immunological mechanisms of protection were investigated to decipher correlates of immunity.
Results
Vaccinia-Based H5N1 Vaccine Wyeth/IL-15/5Flu Protects Against Group 1 and 2 Influenza Viruses. Group 1 (H1N1) and group 2 (H3N2, HPAI H7N7, H7N9) human influenza viruses were used for viral challenges to probe the H5N1-based vaccine for heterosubtypic protection ( Fig. 1 and Fig. S1 ). The multivalent vaccinia virus-based H5N1 influenza vaccine (Wyeth/IL-15/5Flu) enhanced recovery from lethal heterosubtypic influenza infections by improving survival (Fig. 1 B-D) , viral clearance ( Fig. S1 A-D) (>1 log for H7N7 and H7N9, and total clearance for H1N1 and H3N2 in vaccinated mice), clinical morbidity, and by minimizing weight loss (Fig. S1 E-G) . The addition of the molecular adjuvant (IL-15) enhanced survival from 50% (Wyeth/mutIL-15/5Flu) to 80% (Wyeth/IL-15/5Flu) against a lethal HPAI H7N7 challenge (Fig. 1B) . The addition of IL-15 in the vaccine also increased survival against H3N2 and H1N1 challenges, and appeared to reduce the duration and severity of symptoms seen with an H1N1 challenge (Fig. S1 E-G) .
The vaccine also provided heterosubtypic protection in another mouse strain (C57BL6), with improved viral clearance at day 7 after H3N2 challenge (Fig. S2A ). Furthermore, a single dose of vaccine was also effective against a lethal HPAI H7N7 challenge ( Fig. S3 A and C) . However, a two-dose regimen improved the durability of the vaccine-induced protective immunity (Fig. S3 C vs. D) because the time lapsed between priming and challenge did not reduce the protective efficacy with this regimen as opposed to single-dose vaccinations (3 wk vs. 16 wk) (Fig. S3 B vs. D) . Therefore, a two-dose vaccination schedule was used for subsequent experiments. Furthermore, the two-dose vaccine regimen also boosted influenza-specific CD8 + T-cell responses ( Fig. 2A ) and H5-specific antibody titers, as reported previously (3).
Antibody Responses Are Nonneutralizing and Nonprotective. High titer antibody responses were detected by an ELISA against the whole virus both before (day 0, equivalent to 21 d after the second dose of vaccine) and after H3N2 challenge (day 28) (Fig. S4A) (3) . Having demonstrated the ability of our vaccine to induce influenza-specific binding antibodies, we next examined whether vaccine-induced antibodies were capable of neutralizing infectious virus by probing against an array of viral subtypes. No neutralizing activity was detected against H1, H3, H5, H7, or H9 viruses with day 0 serum (Fig. S4B) . However, neutralizing activity was detectable in the sera 28 d after H3N2 challenge but was limited to homologous H3N2 virus, and was comparable between the vaccine and control groups.
A yeast surface-expression system displaying a library of H3-derived HA fragments (H3-HA-YSD) was used to screen immune sera (Fig. S4 C and D) . No H3-HA-YSD binding activity was detected in prechallenged sera from the vaccinated mice. However, the postchallenged sera collected 28 d from both vaccinated and PBS groups showed similar binding patterns against the H3 hemagglutinin (10-230 aa major, 350-550 aa minor epitope). Therefore, the H5N1-vaccine did not appreciably modulate the antibody profiles against heterologous hemagglutinins.
High doses of immune sera have previously been proven effective for heterologous protection mediated by NP-antibodies (5, 6) . In multiple experiments, the passive transfer of sera from vaccinated mice extending from -3 d to +1 d (0.5-2 mL) postchallenge showed no protection against either H3N2 or H7N7 challenges, resulting in 100% mortality of recipient mice (Fig. S5 ).
Amino Acid Sequence Conservation Among Vaccine Antigens and
Challenge Viruses. T-cell-mediated HSI is often dependent on the sequence conservation of the immunogenic peptides (1, 7) . Among the challenge viruses used in the present study, surface HA and NA proteins had a conservation rate of 38-87% (Table 1) determined at day 9 after two doses of Wyeth/IL-15/5Flu. Splenocytes were stimulated with heterologous peptides having >1 aa difference with the cognate vaccine-peptide (Tables 2 and 3 ). Data shown in B and C represent mean ± SD from five mice; experiments were repeated at least twice.
a conservation rate of 87-99% (Table 1 ). The majority of known MHC-I-restricted peptides are derived from the NP protein (three of four peptides), whereas the majority known MHC-IIrestricted peptides are derived from the surface HA and NA proteins (five of six peptides) ( Tables 2 and 3 ) (8, 9) . It is important to note the existence of a greater level of sequence conservation for known MHC-I peptides ( Table 2 ).
Vaccination Establishes Heterologous T-Cell Responses. Vaccinationinduced, influenza-specific T-cell responses were detectable from day 9 by intracellular cytokine staining [ICS; using low pathogenic avian influenza (LPAI) H5N2 with high homology to vaccine H5N1 proteins for stimulation] and remained stable up to 60 d postvaccination, with little contraction of influenza-specific T-cell responses ( Fig. 2A) . After two doses of the vaccine, influenza-specific CD8 + T-cell responses were significantly boosted. Importantly, in mice vaccinated with Wyeth/IL-15/5Flu that expresses H5N1 antigens, H7N7 virus elicited robust IFN-γ production in both CD4
+ and CD8 + T-cell subsets 9 d postvaccination, validating the potential of our vaccine to induce cross-reactive T-cell responses against heterologous influenza viruses (Fig. 2B) .
The highest influenza-specific IFN-γ + CD8 + T-cell response was directed toward the HA 518 peptide and the highest IFN-γ +
CD4
+ T-cell response was directed toward the NP 55 peptide. Low-level IL-4 production (independent of IFN-γ) was detected for CD4
+ T-cell responses, which was above no peptide controls yet far below IFN-γ production (IL-4: 0.05%, IFN-γ: 0.8%). Therefore, the vaccine maintains a T H1 -type cytokine bias required for effective anti-influenza immunity.
The cross reactivity of the vaccine-induced T-cell responses was further evaluated with heterologous peptides (Tables 2 and  3 ) by ICS assay (Fig. 2C) . The low levels of IFN-γ production relative to the wild-type vaccine-derived peptides paralleled the low sequence homology of known CD4
+ epitopes (Tables 1-3 ) (8-55% of maximum wild-type-specific IFN-γ + ). The variable HA 518 CD8 + T-cell peptide showed modest cross-recognition of ∼50% of the wild-type response for the H7-and H3-derived peptides.
Comparisons were also made for the role of IL-15 in the vaccine (Wyeth/IL-15/5Flu vs. Wyeth/mutIL-15/5Flu) for influenza and peptide-specific CD4
+ and CD8 + T-cell responses ( Fig. 2A) . Although there were no significant differences in the magnitude of vaccine responses ( Fig. 2A) , an advantage for the inclusion of IL-15 was clearly apparent after viral challenge ( Fig. 1  and Fig. S1 ).
Robust Recall of T-Cell Responses After Virus Challenge. Infection of vaccinated mice with multiple strains of influenza viruses showed increased T-cell responses in vaccinated mice (Fig. 3 and Fig.  S6 ). After H3N2 challenge, total influenza-specific (using H5N2 for stimulation) IFN-γ + CD4
+ , and CD8 + T-cell responses were significantly higher (P < 0.05) than unvaccinated controls at the site of infection (bronchoalveolar lavage, BAL), draining lymph nodes (mediastinal lymph nodes, mLN), and periphery (spleen) (Fig. 3) . Furthermore, immunization with the IL-15-expressing vaccine significantly increased T-cell responses, especially the CD8 + T-cell responses (P < 0.05) (Fig. 3) . Similarly, increased T-cell responses were observed in vaccinated mice after H7N9 infection [activated and proliferating (Fig. S6A) , H1N1 infection by peptide ICS (Fig. S6 B-E) , and H3N2 infection of C57BL6 mice (Fig. S2) ].
The quality of T-cell responses was determined by polyfunctional cytokine production (10). IFN-γ + CD4 + T-cell responses ( (Fig. S7A) .
Heterologous Protection Requires Influenza-Specific CD4 + T Cells.
Previous studies using T-cell-depletion experiments have established that both influenza-specific CD4 + T-cell responses and CD8 + , especially the memory CD8 + T-cell responses, are important in the protection against heterologous influenza virus infections in mice (ref. 11 and references therein). Therefore, to gain insights as to how Wyeth/IL-15/5Flu confers protection in the absence of neutralizing antibodies, vaccinated mice (Wyeth/ IL-15/5Flu or Wyeth) were depleted of their CD4 + , CD8 + , or both CD4
+ and CD8 + T cells, respectively, before challenging with a lethal HPAI H7N7 virus (Fig. 4 A and B) .
As shown in Fig. 4 , all mice vaccinated with the control vaccine (Wyeth) succumbed to lethal H7N7 infection by day 12 postinfection, whereas Wyeth/IL-15/5Flu-vaccinated mice displayed significant protection (P < 0.01). Surprisingly, the depletion of CD8 + T cells in these vaccinated mice had no impact on survival from the lethal HPAI H7N7 challenge, with comparable survival rates relative to isotype control mice (80% vs. 60%) (Fig.  4A) . Importantly, the depletion of CD4 + T cells in vaccinated mice reduced overall survival to 20% (Fig. 4A) . Furthermore, the combined depletion of both CD4 + and CD8
+ T cells was uniformly lethal by day 12 with 100% mortality (P < 0.05).
Viral titers in the lungs at day 7 postchallenge further delineated survival data (Fig. 4C) . The depletion of CD8 + T cells in Wyeth/IL-15/5Flu-vaccinated mice did not alter lung viral load, yielding similar titers compared with isotype control-treated mice. However, the depletion of CD4 + resulted in a fourfold higher viral titer than isotype controls (P < 0.05), underscoring the critical importance of CD4 + T cells for heterologous immunity. Additionally, the combined depletion of both CD4
+ and CD8 + T cells in vaccinated mice resulted in a viral titer that was eight times higher than what was seen in CD4
+ -depleted mice (P < 0.05), suggesting that the combined effect of CD4 + and CD8
+ T-cell responses is needed for optimal viral clearance. H1N1  62  87  94  96  92  H7N7  38  40  99  96  94  H7N9  38  41  99  93  88  H3N2  38  37  92  95  87 Protein sequences were aligned using CLUSTALW to identify amino acid homology. Conservation among the entire polypeptides is shown. 
H5N1 FYIQMCTEL TYQRTRALV AYERMCNIL IYSTVASSL H1N1 ------------------------------------100 ± 0 H7N7 ---------------------------WF--G--CF 86 ± 28 H7N9 ---------------------------WF-FG--CF 83 ± 33 H3N2 ---------------------------LR-L----G
86 ± 28
Protein sequences were aligned using CLUSTALW to identify amino acid homology. An en-dash (-) denotes a conserved residue between vaccine encoded epitope and the corresponding epitope of heterologous virus polypeptide. Known BALB/c MHC-I epitopes.
Innate and Adaptive Immune Cell Populations Are Skewed by
Vaccination. The profiles of innate and adaptive immune cells were compared in the lungs after H1N1 challenge (Fig. S8) . At day 7 after H1N1 challenge, the lungs were dominated by B cells, CD4
+ , and CD8 + T cells, which tended to be higher in the vaccinated mice (Fig. S8A) . Conversely, unvaccinated mice had a higher level of total neutrophils in the lungs (P < 0.05), which is likely because of more prolific inflammation associated with higher viral loads in these mice at day 7.
Immune cell types that are likely to be under the control of CD4 + helper functions were also investigated. There was a significantly higher proportion of germinal center B cells in the mLN in vaccinated mice relative to the controls (P < 0.05) (Fig. S9A) . However, no differences were seen with respect to T FH cells between the groups. The influx of alternatively activated macrophages, which are typically associated with inflammation and tissue repair (12) , along with T H2 -type cytokine profiles, was also assessed at day 7 postinfection in the infected lungs (Fig. S9B ). There were significantly higher numbers of alternatively activated macrophages in the control Wyeth vaccinated mice (P < 0.05, Wyeth/ IL-15/5Flu vs. Wyeth), which may be attributable to heightened inflammation and delayed viral clearance in the control mice.
Discussion
Influenza is a moving target for vaccine development. In this study, broad protection against influenza challenge viruses was achieved using a live vaccine vector, with the vaccinia virus as a backbone incorporating multiple antigenic influenza proteins. Immunization with the live multivalent-influenza vaccine resulted in increased survival, reduced weight loss, reduced symptoms and duration of illness, and accelerated viral clearance. The Wyeth/IL-15/5Flu vaccine induced heterologous influenza-specific CD4
+ and CD8 + T-cell immunity, which produced antiviral cytokines, following the stimulation with LPAI H5N2 and H7N7 viruses. Vaccineinduced CD4
+ and CD8 + T-cell responses also partially recognized peptide variants derived from H3, H1, and H7 heterologous viruses. Vaccination resulted in significantly larger magnitudes of CD4 +
and CD8
+ T-cell responses upon influenza challenge in the spleen, lungs, and draining lymph nodes. After influenza challenge, the vaccinated mice also had increased germinal center B cells and, alternatively activated macrophages in the infected lungs while numbers of neutrophils were much reduced.
The importance of memory CD4 + T cells was evident from T-cell-depletion experiments of vaccinated mice before a lethal HPAI H7N7 challenge. Vaccinated mice depleted of CD4 + T cells displayed a dramatic reduction in protection (∼20% survival) from the HPAI H7N7 challenge and higher viral loads at day 7 postchallenge, unlike the CD8 + T-cell-depleted mice or isotype controls. However, the observation that depletion of both CD4 + and CD8 + T cells results in zero survivals implies still a probable minor role for CD8 + T cells in the vaccine-mediated protection. Thus, a unique feature of this vaccine regimen is the dependence on CD4 + T-cell immunity, which was unexpected by the comparison of sequence conservation of known MHC-IIrestricted peptides from the vaccine and challenge influenza viruses. Mice depleted of CD4 + T cells may succumb to infection because of dysregulated cytokine production and inflammation that is rampant during lethal influenza challenges (13) .
The importance of memory CD4 + T cells in the protection against heterosubtypic influenza A viral infections in mice has been well documented (refs. 14 and 15, and references therein). A prevailing view is that these influenza-specific memory CD4 + T cells confer protection through multiple mechanisms that involve inflammation, provision of helper functions to CD8 + T and B cells, IFN-γ production, as well as direct perforin-dependent cytotoxic activity toward influenza-infected cells. Concordant with these observations in mice, influenza virus challenge studies in healthy human volunteers have revealed that higher levels of existing influenza-specific CD4 + T cells correlate with lower virus shedding and disease protection in the absence of detectable neutralizing antibodies (16) . The CD4 + T-cell dominance in conferring heterosubtypic protection in Wyeth/IL-15/5Flu-vaccinated mice further adds to the evolving perspective that CD4 + T cells are central to the HSI against influenza. However, whether the mechanistic basis of CD4 + T-cell-mediated heterosubtypic protection in Wyeth/IL-15/5Flu-vaccinated mice is dependent on direct effector activity of these vaccine-induced influenza-specific CD4 + T cells or through the involvement of other immune effector elements remains to be elucidated. The antibody 
Protein sequences were aligned using CLUSTALW to identify amino acid homology. An en-dash (-) denotes a conserved residue between vaccine encoded epitope and the corresponding epitope of heterologous virus polypeptide. Known BALB/c MHC-II epitopes. response induced by vaccination was nonneutralizing against multiple heterologous influenza viruses, and the passive transfer of high amounts of vaccine immune sera was unable to mediate protection in this study. Nonneutralizing anti-influenza antibodies can induce antibody-dependent cellular cytotoxicity in cell types, such as NK cells (17) , that is FcRγ-dependent and requires memory influenza-specific CD8 + T-cell responses (18) . However, this does not appear to be a dominant mechanism of protection here with our Wyeth/IL-15/5Flu vaccine. Furthermore, the H3-HA-YSD epitope mapping studies indicate that our vaccine does not appear to expand the breadth of humoral responses or mediate protection by the induction of HA2 bnAbs, with no difference in the binding profiles between vaccinated and control mice. Thus, the primary mechanism of protection is not likely to be antibody mediated, but rather dependent upon established heterologous T-cell responses.
Vaccinia as a vaccine vector has been a research focus for many years because of its ability as a large DNA virus to incorporate multiple proteins, along with its inherent potent immunogenicity and limited pathogenicity. Previously, a modified vaccinia virus Ankara (MVA) recombinant virus that expresses the H5 hemagglutinin has been assessed for its potential as an H5N1-specific vaccine in various mouse models (reviewed in ref 19 ) and the protection conferred by this MVA-HA recombinant was dependent on the H5 clade being homologous or related. Breewoo et al. (20) recently reported the use of an MVA encoding the NP from an H5N1 and HA protein from pandemic H1N1. The MVA-HA/NP vaccine showed heterosubtypic protection against H1N1 and H5N1 challenges (both group 1 viruses), and was only partially protective against a H3N2 challenge (group 2 virus). Furthermore, an MVA-NP/M1 vaccine (21) is currently being evaluated in phase II clinical trials (22) . The MVA-NP/M1 has proven effective in human challenge studies by reducing the duration of viral shedding and disease severity, and was also effective in adults >65 y old (22) . Thus, the use of vaccinia as a vaccine vector for inducing robust anti-influenza immunity is already underway. Our vaccine strategy represents further improvements to the current efforts, as Wyeth is more immunogenic than MVA, and the integrated IL-15 reduces the residual virulence of the Wyeth strain (4) . The Wyeth/IL-15/5Flu vaccine is multivalent, thereby broadening the immune responses to both surface and antigenically conserved internal influenza proteins, and is readily produced in cell culture with the added benefit of a vaccine that can be lyophilized and stockpiled to be rapidly deployed should the necessity arise with a global influenza pandemic. Isolation of Mouse Tissues. Blood was collected in MiniCollect tubes (Greiner BioOne) and sera harvested by centrifugation. To evaluate cellular immunity, cells were sampled from the site of infection by BAL, lungs, mLN, and spleen. Spleens were disrupted and red blood cells removed by RBC lysis buffer (BioLegend). mLN were homogenized using a sieve and syringe plunger. The protein concentration in supernatants of BAL was measured using Pierce BCA Protein Assay kit (Thermo Scientific).
Materials and Methods
Lungs were chopped and digested with collagenase II (1,000 U) and DNase I (250 U; Worthington) in DMEM [with 10% (vol/vol) FBS, 1% penstrep] for 60 min at 37°C. Digested lungs were homogenized and red blood cells were lysed.
Alternatively, lungs were mechanically homogenized (Qiagen) in 1 mL of MEM (with 10 μg/mL TPCK trypsin), clarified by centrifugation at maximum speed, and titered by TCID 50 assay (24) .
ICS of T-Cell Responses.
For the peptide ICS assay, 0.5-1 × 10 6 cells in MEM (10% FBS, 1% penstrep) were cultured for 6 h at 37°C, 5% CO 2 in the presence of 10 μM peptide (Tables 2 and 3 Bcl6-PE (BD Bioscience). Mixture 5: CD3-APC, CD4-APCCy7, CD8-PerCPCy5.5, CD44-PE, CD69-PECy7, Ki67-FITC (eBioscience). For intracellular staining, cells were fixed in fixation/permeabilzation buffer (eBioscience) for 30 min on ice, and stained with inducible nitric oxide synthase-FITC, Bcl6-PE, or K i 67-FITC in Perm wash buffer (BD Bioscience). Cells were finally fixed with 100 μL of 4% PFA for 20 min on ice, and then washed and stained with DAPI in PBS for 10 min on ice. Samples were acquired by flow cytometry on a FACS LSRII and analyzed with FlowJo software. Mice were treated with GK1.5 (anti-CD4) and 2.43 (anti-CD8) or isotype control (IgG2b) monoclonal antibodies (BioXCell) at 100 μg i.p. at days −4, −2, 0, and 3 (11). Depletion was confirmed at day −1 at >98% compared with isotype treated mice and nondepleted mice.
Depletion of T-Cell
Statistics. Results represent the mean ± SD of three to five mice per group, unless indicated otherwise. Statistical significance was compared between vaccine group (Wyeth/IL-15/5Flu vaccinated) and controls using a standard Student t test (unless indicated), # P < 0.05, *P < 0.01, ## P < 0.005, **P < 0.001.
